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Introduction
Oxides that exhibit significant proton conductivity at elevated temperatures are candidates for different electrochemical applications, such as hydrogen sensors, membranes for hydrogen production and proton conducting solid oxide fuel cells (PC-SOFC). [1] [2] [3] [4] [5] The most studied ceramic proton conductors are those based on cerates BaCeO 3 and zirconates BaZrO 3 with perovskite type structure (ABO 3 ). Oxygen vacancies are introduced into the perovskite structure by aliovalent doping, i.e. partial replacement of cerium or zirconium by Y 3+ , Yb 3+ , Gd 3+ , Nd 3+ , etc. [6] [7] [8] [9] [10] [11] [12] The proton conduction in these materials occurs either via the hydration of oxygen vacancies after the material is exposed to water-containing atmospheres (Ec. 1) and/or by reduction of oxide ions in the lattice (Ec. 2).
As part of the efforts to find suitable alternate electrolyte materials for PC-SOFCs, we have reported a new family of oxide ion conductors based on tricalcium oxy-silicate. 13, 14 Ca 3 SiO 5 (alite in cement nomenclature) is the main constituent of ordinary Portland cements (OPC), this phase contains some oxide anions which are only bonded to the calcium atoms forming rows that are the responsible for the oxide conductivity properties. Tricalcium silicate also shows a small p-type electronic contribution under oxidizing conditions and display an important proton contribution under humidified atmosphere. The possibilities of aluminum substitution in the tetrahedral site have been studied 14 , oxygen vacancies can not be stabilized by partial substitution of silicon by aluminum since Ca 3 (SiO 4 ) 1-x (AlO 4 ) x O 1-x/2  x/2 series is not formed. The aluminum doping in this system is achieved by substitution at both calcium and silicon sites rendering a fixed oxygen content series: Ca 3-x Al x (SiO 4 ) 1-x (AlO 4 ) x O 0.0x0.03. 14 The electrochemical characterization indicates that these compounds are oxide anion conductors with a small contribution of p-type electronic conductivity.
On the other hand, dicalcium silicate, Ca 2 SiO 4 (belite in cement nomenclature), is the mayor constituent of belite Portland cements and some calcium sulfoaluminate cements. 15 Furthermore, this phase is commonly the second most abundant constituent of OPC. Stoichiometric C 2 S exhibits five polymorphs at ordinary pressure 16, 17 when is heated (, , ' L , ' H and ) and its temperature evolution is shown in Figure 1 . The -form is a metastable monoclinic phase at room temperature.
18
The -phase, is stable at ambient temperature and it crystallizes in an orthorhombic olivine-type structure [19] [20] [21] [22] , but is essentially nonreactive with water. ' L and ' H orthorhombic phases are stable at high temperatures. 23 It is noteworthy, that → polymorphic transformation on cooling is disruptive with a change of 12 vol%. This effect is called "dusting" as it degrades refractory materials 24 and can be avoided by chemical, thermal and mechanical treatments. 16, 25 The crystal structures and relative stabilities of the dicalcium silicate polymorphs have been studied from atomistic simulations. 26 Furthermore, the role of some impurities has also been studied by theoretical tools.
27,28
The framework of silicon tetrahedra is very similar among these polymorphs, while the arrangement of calcium cations is slightly different. The crystal structure of -C 2 S has two calciums in regular six-coordinated oxygen environments. Meanwhile, the crystal structure of -C 2 S has two calciums surrounded by eight oxygens in distorted environments. Moreover, the crystal structures of ' H -and -polymorphs have calcium cations in both eight and nine irregular coordination. 16, 21 It is important to know that there are experimental evidences that an increase of the calcium coordination number seems to enhance the water reactivity. 29 Nevertheless, crystal chemical stabilization is obtained by the addition of suitable "stabilizers" which are responsible of the actual reactivity. 16 The effects on chemical-stabilizing ions on the stability of -C 2 S have been extensively investigated, 16 and a second thermal treatment was carried out at 1500 ºC for 6 hours (heating rate of 10 ºC·min -1 ) before being slowly cooled (thermal dissipation). Compaction was calculated taking into account the pellet mass, volume and the crystallographic density. Three pellets were prepared under identical experimental conditions: one (after grinding) for the diffraction study, a second one for impedance characterization, and a third one for the microstructure characterization.
X-ray powder diffraction.
All compounds were characterized by laboratory X-ray powder diffraction (LXRPD) at room temperature. The powder patterns were collected on a PANalytical X´Pert Pro MPD automated diffractometer (PANalytical) equipped with a Ge(111) primary monochromator and the X´Celerator detector. The overall measurement time was approximately 4 h per pattern to have good statistics over the 10 to 140º (2) angular range, with 0.017º step size. Structural analyses were performed using GSAS suite of programs. 39 Final global optimized parameters were: background coefficients, zero-shift error, cell parameters and peak shape parameters using a pseudo-Voigt function 40 corrected for axial divergence. 
Thermal analysis.
Thermogravimetric analysis (TGA) data were recorded on a SDT-Q600 analyzer from TA instruments (New Castle, DE). The temperature was varied from RT to 1000 ºC at a heating/cooling rate of 5 ºC·min -1 . Different heating/cooling cycles were carried out to study the thermal reversibility and reproducibility of the measurements. Measurements were carried out on samples in open platinum crucibles under a mixture flow of dry-air (10 mL/min) and wet-air (15 mL/min) saturated by bubbling in water at 20 ºC.
Microstructural characterization and conductivity measurements.
The microstructure of the ceramics was observed by scanning electron microscope (SEM) (Jeol JSM-6490LV) combined with energy dispersive spectroscopy (EDS). Platinum electrodes were made by coating opposite pellet faces with METALOR ® 6082 platinum ink and heating to 800 ºC at a rate of 5 ºC·min -1 for 15 min in air to decompose the paste and to harden the Pt residue.
Impedance spectra were obtained using a frequency response analyzer (Solartron 1260) in different dry and wet gases (N 2 , O 2 ) in the 0.1 Hz to 1 MHz frequency range with an ac perturbation of 100 mV. The spectra were recorded upon cooling from 900 to 500 °C with a stabilization time of 10 minutes between consecutive measurements. Impedance spectra were analyzed with ZView program. 42 The resistance and capacitance values of the different contributions were obtained by fitting the impedance spectra data with equivalent circuits. The equivalent circuit consisted of (RQ) elements in series, where R is a resistance and Q is a pseudocapacitance in parallel.
The overall conductivity as a function of oxygen partial pressure [p(O 2 ) from air to ~10 -20 atm] were performed in a closed tube furnace cell. The p(O 2 ) values were monitored by using a YSZ oxygen sensor, placed next to the pellet in the cell. The conductivity was continuously recorded as a function of p(O 2 ). The process consisted on flushing the system with dry 5%H 2 -Ar gas mixture at 900 to reach a minimum in oxygen activity inside the furnace and to ensure that the sample was close to the equilibrium. Then, the gas flow was switched off and the oxygen partial pressure slowly recovers to atmospheric pressure by free diffusion, since the system is not fully airtight. The isothermal cycle took over 48 h to complete.
27 Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR).
27 Al MAS-NMR spectra were recorded in an Avance-400 Bruker spectrometer. The resonance frequency was 104.2 MHz (B0=9.4 T). Spectra were recorded using π/2 (2 μs) pulses and spinning rate of 10 kHz. The number of accumulations was 64 and intervals between accumulations 10s.
Chemical shift of NMR signals are given relative to an aqueous solution AlCl 3 (1 M).
Results and discussion

Single phase existence ranges.
Reaction sintering is a particular type of sintering process in which both chemical reaction of starting compounds and densification are achieved simultaneously in a simple heating step. It has been employed to simplify the processing of the ceramic pellets. After sintering, the pellet were ground and studied by LXRPD and their patterns were analyzed by the Rietveld method using the structural description reported by Mumme et al. 43 , showing that the reaction was completed. Rietveld refinements were performed by refining only the overall parameters and weight fractions of all the phases. Atomic parameters were not optimized as final Rietveld disagreement factors were low enough, R F ~ 2%. As an example of the refinement qualities, the Rietveld plot of Ca 2 Al 0.028 is shown in Figure 3 . Table 1 gives weight fractions of side phases as well as the refined unit cell volumes of the series. The volume increases along the series, as expected, as Al 3+ has a larger ionic radius than that of Si 4+ . This result confirms the partial substitution of silicon by aluminum. From the modifications observed in the powder patterns, Figure 2 , it is clear that aluminum is being incorporated into the belite structure with a concomitant oxide vacancies formation. In any case, the compositional limit of the series must be close to x=0.014 under the reported synthetic conditions. 27 Al MAS NMR spectra for Ca 2 Al 0.028 sample is shown in the inset of Figure 2 . The band located close to ~ -70 ppm is ascribed to tetrahedral environments; 44 Al with pentahedral or octahedral coordination is absent in this sample.
All attempts to synthesize Ca 2-x Al x Si 1-x Al 2x O 4 (Ca 2-x Al 2x ) compounds by solid state reaction were unsuccessful; even high values of aluminium were not able to warn the formation of -C 2 S. The presence of this phase was confirmed, in addition to the powder diffraction study, as after the reaction sintering process the pellets became powder. Consequently, this series was not further characterized.
These results indicates that aluminium can be incorporated within the framework of dicalcium silicate and stabilize the -form only by replacing the silicate units and forming vacancies. There
were not evidences to support the partial substitution of calcium by aluminium. were studied by thermogravimetric analysis to evaluate the influence of Al-substitution and the consequent increase of vacancy concentration on the incorporation of water in the structure. Water uptake depends on the available oxygen vacancies in the structure and therefore differences are expected depending on the vacancy contents. The thermogravimetric measurements recorded under humidified air showed reproducible curves on both cooling and heating cycles, see Figure 4 . 
Electrical characterization
As mentioned above, the family Ca 2 Al 2x was used to perform the electrical characterization. The sintering conditions used to prepare the ceramic pellets led to very dense specimens with relative densities ~ 90%. Weight losses due to possible cation evaporation were not detected during the sintering process. Figure 5 shows the SEM micrograph obtained for a representative sintered pellet with composition Ca 2 Al 0.028 . The pellet exhibits low porosity and no indications of liquid phase formation or phase segregation at the grain boundaries were observed.
In order to establish the existence of mixed ionic oxide-proton conductivity in the Ca 2 Si 1-2x Al 2x O 4-x  x series, an impedance spectroscopy study under a constant flow of dry and wet N 2 and O 2 gases was carried out. All impedance spectra show two separated contributions at high temperature ascribed to grain interior and electrode processes, Figure 6 . They were fitted by using the following equivalent circuit: (R b Q b )Q e , where the subscripts b, and e denote grain interior and electrode processes respectively. The resistance of bulk contribution decreases with increasing the water partial pressure, which confirms the existence of proton conduction in this material. sample under different atmospheres. It is clear from that figure that the conductivity in wet atmospheres is always higher than in dry conditions in the whole studied temperature range, supporting that the sample exhibits proton conductivity. On the other hand, the values of conductivity in N 2 (dry or wet) are lower than those in O 2 (dry or wet), this behavior can be mainly ascribed to the temperature-variation of a small p-type contribution, which develops under oxidizing conditions like in aluminum-doped tricalcium oxysilicate. Several conclusions can be drawn from data displayed in Figure 7 . Firstly, at high p(O 2 ) range, the conductivity increases slightly with p(O 2 ), indicating that the conduction mechanism includes ionic and electron-hole components. Secondly, the ionic plateau values at intermediate oxygen partial pressure indicate pure ion conduction; and thirdly, there is a drop in conductivity at very low reducing conditions. This last behavior has been previously reported and it was interpreted based on a decrease in the proton contribution because the oxygen partial pressure is not constant during the experiment. 45 It must be highlighted that decreasing the oxygen partial pressure induces a lowering in the water partial pressure. This result also indicates that proton contribution in these materials is significant up to 900 ºC and a similar trend has been already reported for other solid electrolytes, i. 
Conclusions
Aluminium is incorporated into the framework of dicalcium silicate and stabilize the -form by included for the sake of comparison (the sample was prepared as reported in [35] ). The inset shows overall conductivity data at 900ºC as a function of oxygen partial pressure for 
